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Abstract: Minimal (or measurable) residual (MRD) disease provides a biomarker of response quality
for which there is robust validation in the context of modern intensive treatment for younger patients
with Acute Myeloid Leukemia (AML). Nevertheless, it remains a relatively unexplored area in
older patients with AML. The lack of progress in this field can be attributed to two main reasons.
First, physicians have a general reluctance to submitting older adults to intensive chemotherapy
due to their frailty and to the unfavourable biological disease profile predicting a poor outcome
following conventional chemotherapy. Second, with the increasing use of low-intensity therapies
(i.e., hypomethylating agents) differing from conventional drugs in mechanism of action and
dynamics of response, there has been concomitant skepticism that these schedules can produce
deep hematological responses. Furthermore, age dependent differences in disease biology also
contribute to uncertainty on the prognostic/predictive impact in older adults of certain genetic
abnormalities including those validated for MRD monitoring in younger patients. This review
examines the evidence for the role of MRD as a prognosticator in older AML, together with the
possible pitfalls of MRD evaluation in older age.
Keywords: older AML; multiparametric flow-cytometry; RT-qPCR
1. Introduction
Incidence of acute myeloid leukemia (AML) is highest among older adults, with a median age
of 67 years at presentation [1]. Besides the overall aging of the population, increasing exposure to
environmental toxic compounds and the ever more successful use of chemo-radiotherapy in treating
other cancers are additional factors leading to the occurrence of so called “secondary” AML [2].
The general outcome of AML in older adults (e.g., ≥60 years old) is poor as compared to younger
patients, with less of 20% of patients becoming long-term survivors.
Several reasons explain such a disappointing clinical outcome. First, the genetic profile of elderly
AML is often unfavourable due to the higher incidence of poor-risk karyotypes and the lower
frequency of good-risk molecular features [3]. Older patients are also more likely to have comorbidities,
which complicate the treatment decision-making process and exaggerate the side-effects of therapy [4].
Finally, even for those who tolerate intensive induction chemotherapy and who achieve a morphological
complete remission (mCR), relapse rates remain frustratingly high [5].
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In light of this, it is critical not only to develop more effective frontline therapies but also to
identify appropriate biomarkers that can inform treatment choice and likelihood of success. When it
comes to AML, availability of biomarkers with these characteristics is still an unmet need, especially
for older adults.
In the modern era, identification of biomarkers represents a fundamental step in the attempt
to abandon empirical therapy in favour of risk-driven approaches [6]. Indeed, biomarker-based
assessment not only allows individual patients to be directed to a particular treatment, but also permits
measurement of the effectiveness of that specific therapy. Biomarkers can be determined at diagnosis
(for example genetic and molecular abnormalities), or after treatment delivery. In this context, minimal
(or measurable) residual disease (MRD) promises to be a valuable biomarker to investigate the quality
of response, and to help guide post-remission decisions.
The role of MRD in elderly AML has been poorly investigated, at least in part due to the reluctance
of physicians to treat elderly patients with intensive chemotherapy regimens, together with the renewed
interest in low intensity therapy, thanks to the availability of hypomethylating agents (HMAs) [7].
However, more recently the older AML landscape appears to be changing. Careful selection of
candidates for intensive chemotherapy and the increasing use of allogeneic transplantation (ASCT)
with reduced-intensity conditioning [8] have increased the possibility of achieving a MRD negative
mCR even for older patients. In addition, new low-intensity approaches (i.e., HMAs or low-dose
cytarabine plus bcl-2 inhibitors) have substantially increased the chances of achieving mCR, some of
which have been demonstrated to be MRD negative [9–11]. These observations have boosted interest
in the role of biomarkers of response quality in elderly patients with AML, paving the way for clinical
trials incorporating MRD-based risk stratification.
The use of an MRD-driven treatment allocation in younger AML patients might allow physicians
to deliver an intensity of treatment proportional to the level of chemosensitivity of each patient,
possibly sparing excessive toxicity (i.e., ASCT) for patients with a MRD-negative mCR [12]. The aim of
this review is to explore the clinical evidence supporting the role and value of MRD monitoring in
older patients with AML.
2. Flow Cytometric MRD
Multiparametric flow cytometry (MFC) is a single cell immunophenotypic approach that requires
only a few hours of laboratory processing time from sample receipt to result, in order to assay
several million hematopoietic cells for MRD detection in a patient’s bone marrow (BM) or peripheral
blood (PB) sample. Leukemic genetic and epigenetic abnormalities may dysregulate cell expression
of molecules compared to normal hematopoietic maturation, thus generating a range of aberrant
immunophenotypic profiles (usually referred to as leukemia-associated immunophenotypes/LAIPs)
that are the MFC detection targets. By integrating flow cytometric information on relative cell size,
granularity and multiple cell markers detected simultaneously by fluorochrome-tagged monoclonal
antibody combinations, cells with LAIPs can be discriminated from their normal hematopoietic
counterparts. LAIPs can be defined in diagnostic samples and then tracked but may also be detected
in follow-up samples independently of diagnostic immunophenotypic data by screening for blast
aberrancies that are sufficiently “different-to-normal” (i.e., different to reference control marrow
profiles). LAIPs can be characterized in ~90% of diagnostic samples from older [13] as well as younger
patients while reverse transcription polymerase chain reaction (RT-qPCR) MRD targets (fusion genes,
NPM1 mutations) are present in only ~20–30% of adults over 60 years old compared to ~60% of
younger adults (see below and Figure 1) [14]. However, for some patients a suitable LAIP target
constitutes only a relatively minor subpopulation of the total leukemic blasts at diagnosis. In these
cases, the typical LAIP sensitivity range of 10−3–10−4 can be maintained by evaluating sufficient cells
in the follow-up when BM samples are adequate.
In addition to flow cytometric MRD detection being applicable to most older patients,
this methodology provides other relative advantages when considering the specific context of elderly
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AML. Aging is associated with an increased prevalence of clonal hematopoiesis contributing to the
accumulation of mutations in mature cells [15,16]. Since mature cells are not leukemia-initiating,
this presents pitfalls for the clinical interpretation of genetic MRD assays in older patients and may be a
particular issue for MRD monitoring during targeted therapy induced maturation [17] as routine MRD
assays are performed on whole BM. Unlike FISH, PCR or NGS, immunophenotyping by flow cytometry
allows the evaluation of MRD in the hematopoietic compartments most relevant for predicting relapse
(i.e., blasts) without requiring cell separation to exclude mature cells. Additionally, it can provide an
estimate of BM hemodilution to assess which samples are suboptimal.
The increasingly routine use of 8–10 fluorochrome-tagged antibodies per tube of cell suspension
allows both better identification of myeloid blast subpopulations as well as screening for aberrancies.
However, when designing flow cytometric AML MRD panels, inclusion of increasing numbers
of antibodies to allow detection of rarer useful LAIPs has to be counterbalanced with cost, cell
requirements, and technical fluorescent compensation challenges. Recently, antibody mixtures have
been devised that combine several markers of aberrancy on one fluorescent channel and thus reduce
the number of separate LAIP panel tubes required per sample. Although such an approach loses the
information gained from analyzing single markers (when assessing LAIP specificity in heterogeneous
blast populations or identifying potential immunotherapy targets), it is informative and sensitive
for detecting leukemic cells when applied to CD34+CD38− stem/progenitor cells [18]. The merged
immunophenotypic aberrancy from the combined markers was shown to be absent or extremely rare
(<10−4 to −5) on the normal hematopoietic counterpart, even during post chemotherapy regeneration.
As reviewed recently [19–24], AML MRD results from flow cytometric measurement have to be
interpreted in the context of both methodological and sample limitations. Some of these are especially
relevant to the older age cohort. Sensitivity of all MRD assays is comprised by suboptimal samples.
Hypoplastic regeneration from poor hematopoietic reserve in older patients may increase the number
of MRD-unassessable samples. Perhaps surprisingly, the frequencies of inadequate bone marrow
samples sent after first induction were comparable in the NCRI AML16 trial for older patients (9.8% of
744 samples) and NCRI AML17 trial for younger patients (7.9% of 1906 samples) [25].
A further consideration for reporting flow cytometric MRD in older patients due to the likelihood
of background dysregulated clonal hematopoiesis are the implications of aberrant immunophenotypes
associated with myelodysplasia. Cross-lineage expression of lymphoid markers such as CD7 and CD56
on myeloblasts are present in up to 30% of AML patients at diagnosis and are commonly selected
LAIPs for AML MRD monitoring. These aberrancies are also observed on blasts in a similar percentage
of low-risk myelodysplastic patients [26–31] (Table 1) and therefore not specific for AML.


















CD7 cross lineage expression 3.5–22% 3.5–16.7% 23% 25–32%
CD56 cross lineage expression 3.3–18% ? 19% 15–21%
CD5 cross lineage expression <2% <1% ND <1%
* Patients for standard/intensive chemotherapy.
Moreover, in MDS, as in AML, immunophenotypic aberrancies of CD34+CD38− putative
leukemic stem cells (LSC) also occur and may be prognostic for progression to AML [35]. Although
CD7 and CD56 cross-lineage expressions are associated with certain leukemic genetic subtypes [36]
there is as yet no data linking these immunophenotypes to any myelodysplasia mutation combinations.
It is possible that MRD positivity by a pre-leukemic aberrant immunophenotype measures residual
leukemic blasts even if the aberrancy was acquired earlier in evolution to AML. Studies combining flow
cytometric monitoring and mutation profiling may clarify this and allow a more accurate assessment
of relapse risk in elderly AML with antecedent MDS.
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Clinical Significance of Flow Cytometric MRD in Older Adults
Most data on the prognostic relevance of MRD in older AML patients, including the two studies
of intensively treated adults >60 years, have been obtained by MFC quantification of MRD [13,37].
The results of the NCRI-AML16 study [13] demonstrated that, using intensive chemotherapy, a MRD
negative mCR is inducible in 51% of patients after cycle 1 (C1) and in 64% of patients after cycle 2 (C2),
respectively. Patients were considered MRD positive if detected levels of residual leukemic cells were
higher than the MFC assay sensitivity threshold (0.05–0.1% for most LAIPs). When MRD negativity was
achieved, patients had a better 3-year survival (C1: 42% vs. 26% in MRD-positive patients, p < 0.001;
C2: 38% vs. 18%, respectively; p < 0.001) and reduced cumulative incidence of relapse (C1: 71% vs. 83%
in MRD-positive patients, p < 0.001; C2: 79% vs. 91%, respectively; p < 0.001). In a smaller series [37],
where the MRD status of 81 older patients was compared in terms of clinical outcome to a population
of younger AML patients, MRD-negative mCR was confirmed to be a favorable biomarker despite
the frequency of MRD negativity being lower than a younger population (11% and 28%, respectively,
p = 0.009). MRD negativity resulted in longer 5-year disease-free survival both in older (57% vs. 13%,
p = 0.0197) and younger patients (56% vs. 31%, p = 0.0017). As a further observation, despite the selection
of a threshold that was lower than in the NCRI-AML16 trial (0.035% vs. 0.05–0.1%), CIR of MRD-negative
patients was double that in the MRD-negative younger cohort (42% vs. 24%, respectively). This is in
line with the NCRI report, where 3-year CIR remained remarkably high for older patients achieving
MRD negativity, although it is notable that their median time to relapse was significantly longer than the
MRD-positive group (17.1 months compared to 8.5 months by C1 MRD status).
Another relevant field of MRD application is in post-treatment surveillance and early relapse
identification [38]. This is an underexplored area in older AML, due to the paucity of patients
submitted to a treatment with the aim of achieving a mCR. The increasing success of HMA-based
protocols that differ from conventional chemotherapy in their mechanisms of action and dynamics
of response has contributed to a general scepticism in applying MRD monitoring in this setting [39].
The clinical relevance of MRD monitoring in older patients with AML treated with HMAs alone has
been recently explored [11]. A group of 116 patients were monitored by high-sensitivity 8-color MFC
for MRD achievement during therapy with azacytidine, decitabine and guadecitabine. A significant
advantage of MRD-negative patients in terms of cumulative incidence of relapse was observed
(83% vs. 43%, p < 0.001); however, this did not translate into improved survival. Nevertheless,
this experience determines the proof of principle that a good quality mCR may be achieved also
by HMA therapy, and that MRD is a suitable biomarker also in this setting. Furthermore, addition
of novel targeted agents to HMAs in ongoing clinical trials has led to higher rates of mCR that
are achieved more rapidly than with HMAs alone and has raised interest in the ability of such
combinations to eradicate MRD [9,10]. In the future, this issue may be more properly addressed by
MRD monitoring in prospective trials. In this view, the EORTC/GIMEMA AML1301 trial (trial gov.
identifier no. NCT02172872) is prospectively evaluating, in parallel, the impact on MRD levels of a
classical 3 + 7 versus decitabine given over the extended schedule of 10 days. Results of this trial are
eagerly expected since the 10-day decitabine schedule might prove to be the new standard of care for
older patients and to induce excellent quality responses. Assays monitoring candidate LSC-containing
cell populations could also have a role in assessing depth of remission in this context. Reduction of
candidate LSC-containing cell populations tracked by flow cytometry was observed in responders to
azacytidine in a cohort that included AML as well as MDS patients [40].
3. Molecular MRD
Molecular techniques for assessment of MRD rely on the detection of leukaemia-specific genomic
abnormalities in nucleic acid preparations derived from PB or BM samples. In general, molecular
techniques provide significantly greater sensitivity and specificity compared to MFC-based assays;
however, they are not yet applicable to all patients, and in particular, there are no validated molecular
MRD markers for a majority of older adults [14]. Furthermore, the majority of studies of the prognostic
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importance of molecular MRD status have been performed in younger adults, so the predictive MRD
thresholds defined therein cannot necessarily be applied to older patients. Finally, molecular MRD
monitoring is not currently useful for patients who are treated non-intensively.
The exquisite sensitivity of some molecular MRD assays allows extension of their scope beyond
the early time points typically employed for MFC assessment. Achievement of a negative molecular
MRD status (“molecular complete remission”, “CRMRD−”) at the end of treatment has begun to gain
acceptance therapeutic objective and pre-requisite for cure, implying that treatment intensity should
be adapted to ensure this is achieved [41,42]. Secondly, by virtue of their high sensitivity, molecular
MRD assays may be deployed in surveillance for disease relapse after the completion of treatment;
re-emergence of the relevant molecular marker (“molecular relapse”) may be detected in advance
of morphological relapse, allowing pre-emptive therapeutic intervention and potentially improving
long-term outcome [42].
It is important to note that these two principles of molecularly guided treatment were pioneered
in and are now established as standard of care for acute promyelocytic leukaemia (APL), where,
coupled with the availability of effective salvage therapies (namely arsenic trioxide and gemtuzumab
ozogamycin), they have led to a dramatic reduction in the risk of haematological relapse [41,43].
Increasing availability of novel and effective therapeutic agents for AML (e.g., venetoclax) [44],
and expanding access to ASCT for patients >65 are likely to significantly increase the number of
patients treated with curative intent; however, these therapies are accompanied by very significant
toxicity and economic costs. Molecularly-guided therapy has the potential to personally tailor the
treatment of AML in older people, allowing such therapies to be deployed only for patients who will
benefit from them.
3.1. Current Methods for Molecular MRD Detection
The most established method for molecular MRD assessment is RT-qPCR. In this technique, up to
20 mcg RNA extracted from patient samples (equivalent to ~1 million cells) is reverse transcribed
(RT) into complementary DNA (cDNA) and subsequently amplified by quantitative PCR, allowing
precise measurement of the molecular target. RT-qPCR is ideally suited to the detection of fusion
transcripts generated from in-frame somatic rearrangements [45] and insertion/deletion (InDel)
mutations, particularly those in exon 12 of NPM1 [46]. Assays for these targets produce almost
no background amplification, providing excellent specificity. Sensitivity is generally in the range of
1:104 to 1:106 and depends on a number of factors, especially the level of expression of the target fusion
or mutant transcript and the quality and quantity of RNA generated, which is in turn dependent on
the age of the sample.
Figure 1 shows the proportion of older adults (>60 years) with a molecular lesion suitable for
monitoring by RT-qPCR entering the AML16 study, which enrolled 2783 patients. Overall, only 4.2%
of patients with an evaluable karyotype (92/2185) had a recognised gene fusion, of which the most
frequent were the core-binding factor translocations t(8;21)(q22;q22)/RUNX1-RUNX1T1 (1.5%) and
inv(16)(p13q22)/CBFB/MYH11 (1%). In contrast, 21% of all older adults and 38% of those with a
normal karyotype carried NPM1 exon 12 InDel mutations [47].
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Figure 2. Example of MRD-guided therapy to achieve durable molecular complete remission in a
72-year old male ineligible for stem cell transplantation due to renal impairment [58]. DA: daunorubicin
and cytarabine. HDAC: high dose cytarabine. FLAG-IDA: fludarabine, cytarabine, granulocyte colony
stimulating factor and idarubicin. GO: gemtuzumab ozogamycin.
3.3. Core Binding Factor (CBF) AML
The second major group of patients with well-established molecular targets for MRD monitoring
are those with CBF AML defined by the presence of either the inv(16)(p13q22) CBFB-MYH11 or the
t(8;21)(q22;q22) RUNX1-RUNX1T1 fusion. Although associated with a high chance of long-term cure
in children and young adults, older patients with CBF AML have a significantly worse prognosis
due mainly to a high incidence of relapse (~60%) [3,59]. Published studies regarding the impact of
MRD on outcome have included few or no patients >60 years [60–63], and the significant difference
in relapse risk indicates that thresholds and checkpoints defined in younger adults cannot simply be
transposed onto older adults without further validation in this population. Nevertheless, sequential
MRD monitoring during morphological remission is recommended [41] as this can identify patients at
high risk of imminent relapse for pre-emptive intervention. Serial MRD measurement may also be
used to guide consolidation or maintenance therapies such as HMAs [11,64] and may be increasingly
useful as the range of accessible novel therapeutic agents expands.
3.4. Emerging Molecular MRD Techniques
Since the majority of older patients do not have an established molecular RD marker, novel
platforms other than RT-qPCR are of great interest. The emerging techniques with greatest promise
in this regard are droplet digital PCR (ddPCR) and next-generation sequencing (NGS), a number
of recent studies have highlighted both their potential utility and limitations. A general principle
emerging from this work relates to clonal heterogeneity; distinct clones within an individual may
show marked differences in their response to therapy and in their potential to generate relapse. Unlike
gene fusions and mutations in NPM1, which are largely leukaemia-specific and are stable between
diagnosis and relapse, mutations in DNMT3A, ASXL1, and TET2 often persist at a high level in patients
in long-term mCR, suggesting a reversion to pre-existing non-malignant clonal haematopoiesis of
indeterminate potential (CHIP), indicating these mutations are not sufficiently leukaemia-specific to
serve as MRD targets. This is highly pertinent to older adults given the strong relationship between
CHIP and age [16,48,65–68]. In contrast, mutations in genes such as FLT3 and NRAS are frequently
lost or gained at relapse; their lack of stability indicates they cannot provide sufficient sensitivity
or reliability for MRD monitoring. Many investigators have sought to bypass these limitations by
tracking multiple mutations concurrently, an approach which appears to enhance robustness and at
the same time provides greater insights into the issues outlined here, which will in turn allow further
refinement of these techniques. RT-qPCR is generally unsuited to the sensitive detection of single
nucleotide variants (SNV) due to background amplification of the wild-type sequence. In ddPCR,
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the sample is partitioned into thousands of oil-bound droplets, each acting as an independent reaction.
The droplets are then read as discreet positive or negative events allowing non-specific amplification
to be largely excluded and quantitative precision to be improved [69]. A recent study of 72 patients
(median age 62 years) used ddPCR to track mutations found at diagnosis either by whole exome
or targeted sequencing [70]. Overall, 90% of patients had a detectable mutation in a bone marrow
sample taken in complete remission, at levels between 0.002% and 46.2%. Mutations in DNMT3A
frequently persisted at a high level and their frequencies often did not correlate with those of other
mutations tracked in the same sample, a phenomenon that was also noted for other genes such as
ASXL1, TET2, IDH1, RUNX1, and WT1. To overcome this, two analyses were performed. First for
the lowest frequency mutation present in each sample, a threshold of 0.01% separated patients into
two groups with 5-year OS of 19% and 50%. Second, for the highest frequency mutation excluding
DNMT3A a cut-off of 0.1% identified two groups with 5-year OS of 16% and 65% respectively.
EC-NGS provides a potentially less cumbersome approach to track multiple mutations without
needing to design an individual assay for each. This is particularly relevant to genes where mutations
may occur at numerous sites rather than in “hot spots” such as RUNX1. A study of 103 patients
(median age 69 years) with RUNX1 mutated AML used PCR amplification followed by amplicon
sequencing on the Roche 454 platform [56] affording sensitivity of up to 1:800. A threshold of 3.6%
was informative with respect to outcome: the 74% of patients below this threshold after one cycle of
induction therapy had a median event-free survival (EFS) of 21 months compared with 5.7 months for
the remaining 26% of patients. This approach was extended to track a total of 564 variants in CR bone
marrow samples from 50 patients (median age 50.8 years) [71]. Complete clearance of all mutations
below a level of 2.5% was associated with a median EFS of 17.9 months compared with 6 months in
those patients who had at least one mutation detectable above this threshold.
A major drawback of NGS techniques for MRD assessment is the background error rate which
results from imprecision in both DNA polymerase activity and optical detection and varies markedly
across the genome, and until recently, has limited the impact of NGS in this field. One way to
mitigate this is to perform statistical analysis to determine the background error rate at each base
position interrogated; this was applied in a study involving 482 adults <65 years [72] and resulted
in a maximum sensitivity of 0.1% for loci with the lowest background error rates. After exclusion of
mutations in DNMT3A, TET2, and ASXL1 (“DTA”, which did not correlate with relapse), detection
of any mutation in CR was associated with a 5-year CIR of 58.3% compared with 33.9% in patients
with no mutation detected. Presence of a non-DTA mutation in CR retained powerful independent
prognostic significance in multivariate analysis and provided additional prognostic power when
combined with FCM-MRD. A second and potentially more robust method for application of NGS
to MRD analysis is to incorporate novel error correction (EC) techniques, which have the potential
to reduce background error rates significantly and can increase sensitivity by at least one order of
magnitude [73]. In EC-NGS, each DNA fragment is ligated to a random 8–12 base pair oligonucleotide
(often referred to as a molecular barcode or unique molecular identifier, UMI). The prepared library
is later amplified by PCR, and multiple fragments deriving from the same parent DNA molecule
are sequenced independently, after which a bioinformatic algorithm is applied to remove variants,
which are likely artefacts, not present in each copy. Using this approach in a study of 69 patients,
sensitivity of at least 0.2% could be achieved for most loci [74]. While persistence of one mutation in
CR was frequent (affecting DNMT3A, U2AF1, TET2 and SRSF2), associated with older age, and did
not affect outcome, the presence of two or more mutations was associated with a 2-year leukaemia-free
survival of 19.8% compared with 64.9% for those with one or no mutations detected. Using EC-NGS,
it is clear that patients treated non-intensively retain significant levels of MRD despite appearing
to be in complete remission using non-corrected NGS approaches [75]. It remains unclear how
useful such techniques will be for patients who are not treated with curative intent, given the lack of
relationship between clinically important variables (blast clearance, transfusion independence) and
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MRD status [75,76]. This and many other important questions in the field of molecular MRD in older
patients will hopefully be addressed by large prospective studies over the next decade.
4. Conclusions
Despite the powerful and robust prognostic value of MRD, demonstrated across multiple
independent platforms, laboratories, time points, and trial protocols [19,24,77], its application to
older adults remains underexplored. There are two likely explanations for the lack of data highlighted
in this review. First, older patients with AML are less likely to be enrolled in studies involving intensive
therapy [5]. Second, since the increasingly popular low-intensity therapies (i.e., HMAs [9–11]) are
able to prolong survival even without the achievement of a mCR, there has been general scepticism
about the relevance of MRD studies in this context, and many studies involving these agents have not
collected MRD data [39]. Improvements in supportive care and the availability of ASCT up to and
beyond the age of 70 years has significantly extended the use of intensive regimens for older adults;
moreover, the demonstration that a high quality, MRD-negative mCR may be realistically pursued in
low-intensity therapy (including potentially in combination with Bcl2 inhibitors) [10] has prompted
new interest in MRD-monitoring for these therapies, at least by flow cytometry.
Due to the lack of evidence we highlight, coupled with clear age-dependent differences in
disease biology and outcome, the prognostic significance of MRD status remains largely unknown
in older adults and requires further study. In the two MFC-based studies, older patients achieving
a MRD-negative mCR still had a substantial risk of relapse and outcomes remained less favourable,
regardless of the post-remission treatment received [13,37]. This likely reflects differences in disease
biology between younger and older patients, including but not limited to an increased proportion
of cases evolving from (and perhaps reverting to) MDS and a higher frequency of oligoclonal
leukemic/preleukemic populations with different treatment sensitivities and relapse kinetics [78].
Molecular markers such as NPM1 are both less frequent in elderly AML, and do not appear to carry
the same prognostic implications compared with younger adults due mainly to a significantly elevated
overall relapse risk in all MRD-defined groups [55]. A second factor contributing to this phenomenon
in a subgroup of patients is relapse from an ancestral clone which is NPM1 negative; in elderly
AML, where a pre-existing clonal hematopoiesis is often documented despite mCR achievement,
this phenomenon may be even more relevant. Similarly, persistence of age-related clonal hematopoiesis
mutations as detected in CHIP may hamper the detection of MRD using NGS-based technologies in
this age group [72,79].
Despite these observations, the powerful prognostic value of MRD is likely to prove useful
in managing older adults with AML. As an accurate measure of chemosensitivity, it may prompt
physicians to continue treatment or design specific consolidation or maintenance approaches aimed at
achieving and maintaining an MRD-negative mCR whilst minimizing treatment toxicity. This differs
from the aim of treatment de-escalation including avoidance of ASCT in younger patients with a
MRD-negative mCR [12].
Since MRD negativity following both standard chemotherapy and HMAs is associated with
better outcome, there is a rationale for applying MRD results to select patients likely to benefit from
investigational therapies in future trials. Potentially, MRD response could also be used as an early
surrogate outcome endpoint. In the intensive NCRI AML16 study, there was a trend for improved
survival from the addition of a consolidation cycle only for the MRD negative patients; the same
addition was detrimental to MRD positive patients with a significantly inferior survival. This supports
the hypothesis that MRD negativity in older adults identifies a subgroup with more chemosensitive
disease, suitable for further treatment consolidation, whereas the disappointing long-term outcome of
MRD-positive patients is not altered by additional similar chemotherapy [80]. These poor responders
may, however, benefit from clinical trials investigating novel therapies, possibly augmenting the quality
of remission and the long-term antileukemic effect of ASCT. Ongoing studies such as the NCRI AML18
trial are testing MRD risk-directed therapy for older adults. It as yet unknown whether reducing
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MRD to lower levels translates into improved median survival and/or decreased requirements for
supportive measures such as transfusions, so this also requires investigation, particularly when
evaluating novel therapies.
In conclusion, MRD as assessed by MFC or molecular techniques (RT-qPCR, NGS) represents
a powerful biomarker that is able to distinguish subgroups of patients with dramatically differing
prognosis. Although the biological uniqueness of elderly AML leads to additional considerations
(particularly clonal mutation persistence and immunophenotypic aberrancies) [24], its role in
improving clinical decision-making, optimising outcome and targeting novel therapeutic agents
for older patients with AML is promising and clearly warrants further evaluation in carefully designed
prospective studies focused on this steadily increasing population.
Author Contributions: F.B., S.D.F., R.D. and A.V. wrote the paper.
Funding: R.D. and S.D.F. gratefully acknowledge funding support from National Institute for Health Research
(NIHR), CRUK, Bloodwise.
Acknowledgments: R.D. and S.D.F. thank Nigel Russell, Robert Hills, Alan Burnett, Robert Hills and members of
the National Cancer Research Institute (NCRI) AML Working Group for enabling evaluation of MRD in the NCRI
AML trials.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics, 2014. CA Cancer J. Clin. 2014, 64, 9–29. [CrossRef]
[PubMed]
2. Wang, E.S. Treating acute myeloid leukemia in older adults. Hematology 2014, 2014, 14–20. [CrossRef]
[PubMed]
3. Appelbaum, F.R.; Gundacker, H.; Head, D.R.; Slovak, M.L.; Willman, C.L.; Godwin, J.E.; Anderson, J.E.;
Petersdorf, S.H. Age and acute myeloid leukemia. Blood 2006, 107, 3481–3485. [CrossRef] [PubMed]
4. Kantarjian, H.; Ravandi, F.; O’Brien, S.; Cortes, J.; Faderl, S.; Garcia-Manero, G.; Jabbour, E.; Wierda, W.;
Kadia, T.; Pierce, S.; et al. Intensive chemotherapy does not benefit most older patients (age 70 years or older)
with acute myeloid leukemia. Blood 2010, 116, 4422–4429. [CrossRef] [PubMed]
5. Juliusson, G.; Antunovic, P.; Derolf, A.; Lehmann, S.; Mollgard, L.; Stockelberg, D.; Tidefelt, U.; Wahlin, A.;
Hoglund, M. Age and acute myeloid leukemia: Real world data on decision to treat and outcomes from the
Swedish Acute Leukemia Registry. Blood 2009, 113, 4179–4187. [CrossRef] [PubMed]
6. Ballman, K.V. Biomarker: Predictive or prognostic? J. Clin. Oncol. 2015, 33, 3968–3971. [CrossRef] [PubMed]
7. Foran, J.M. Frontline therapy of AML: Should the older patient be treated differently? Curr. Hematol.
Malig. Rep. 2014, 9, 100–108. [CrossRef] [PubMed]
8. McClune, B.L.; Weisdorf, D.J.; Pedersen, T.L.; Tunes da Silva, G.; Tallman, M.S.; Sierra, J.; Dipersio, J.;
Keating, A.; Gale, R.P.; George, B.; et al. Effect of age on outcome of reduced-intensity hematopoietic
cell transplantation for older patients with acute myeloid leukemia in first complete remission or with
myelodysplastic syndrome. J. Clin. Oncol. 2010, 28, 1878–1887. [CrossRef] [PubMed]
9. Pollyea, D.A.; Stevens, B.M.; Winters, A.; Minhajuddin, M.; Gutman, J.A.; Purev, E.; Smith, C.; Abbott, D.;
Jordan, C.T. Venetoclax (Ven) with Azacitidine (Aza) for untreated elderly Acute Myeloid Leukemia (AML)
Patients (Pts) unfit for induction chemotherapy: Single center clinical experience and mechanistic insights
from correlative studies. Blood 2017, 130, 181.
10. Goldberg, A.D.; Horvat, T.Z.; Hsu, M.; Devlin, S.M.; Cuello, B.M.; Daley, R.J.; King, A.C.; Buie, L.W.;
Glass, J.L.; Mauro, M.J.; et al. Venetoclax combined with either a hypomethylating agent or low-dose
cytarabine shows activity in relapsed and refractory myeloid malignancies. Blood 2017, 130, 1353.
11. Boddu, P.; Jorgensen, J.; Kantarjian, H.; Borthakur, G.; Kadia, T.; Daver, N.; Alvarado, Y.; Pemmaraju, N.;
Bose, P.; Naqvi, K.; et al. Achievement of a negative minimal residual disease state after hypomethylating
agent therapy in older patients with AML reduces the risk of relapse. Leukemia 2018, 32, 241–244. [CrossRef]
[PubMed]
Cancers 2018, 10, 215 11 of 15
12. Cornelissen, J.J.; Gratwohl, A.; Schlenk, R.F.; Sierra, J.; Bornhäuser, M.; Juliusson, G.; Råcil, Z.; Rowe, J.M.;
Russell, N.; Mohty, M.; et al. The European LeukemiaNet AML Working Party consensus statement on
allogeneic HSCT for patients with AML in remission: An integrated-risk adapted approach. Nat. Rev.
Clin. Oncol. 2012, 9, 579–590. [CrossRef] [PubMed]
13. Freeman, S.D.; Virgo, P.; Couzens, S.; Grimwade, D.; Russell, N.; Hills, R.K.; Burnett, A.K. Prognostic
relevance of treatment response measured by flow cytometric residual disease detection in older patients
with acute myeloid leukemia. J. Clin. Oncol. 2013, 31, 4123–4131. [CrossRef] [PubMed]
14. Grimwade, D.; Freeman, S.D. Defining minimal residual disease in acute myeloid leukemia: Which platforms
are ready for “prime time”? Blood 2014, 124, 3345–3355. [CrossRef] [PubMed]
15. Corces-Zimmerman, M.R.; Majeti, R. Pre-leukemic evolution of hematopoietic stem cells: The importance of
early mutations in leukemogenesis. Leukemia 2014, 28, 2276–2282. [CrossRef] [PubMed]
16. Zink, F.; Stacey, S.N.; Norddahl, G.L.; Frigge, M.L.; Magnusson, O.T.; Jonsdottir, I.; Thorgeirsson, T.E.;
Sigurdsson, A.; Gudjonsson, S.A.; Gudmundsson, J.; et al. Clonal hematopoiesis, with and without candidate
driver mutations, is common in the elderly. Blood 2017, 130, 742–752. [CrossRef] [PubMed]
17. Amatangelo, M.D.; Quek, L.; Shih, A.; Stein, E.M.; Roshal, M.; David, M.D.; Marteyn, B.; Farnoud, N.R.;
de Botton, S.; Bernard, O.A.; et al. Enasidenib induces acute myeloid leukemia cell differentiation to promote
clinical response. Blood 2017, 130, 732–741. [CrossRef] [PubMed]
18. Zeijlemaker, W.; Kelder, A.; Oussoren-Brockhoff, Y.J.M.; Scholten, W.J.; Snel, A.N.; Veldhuizen, D.; Cloos, J.;
Ossenkoppele, G.J.; Schuurhuis, G.J. A simple one-tube assay for immunophenotypical quantification of
leukemic stem cells in acute myeloid leukemia. Leukemia 2016, 30, 439–446. [CrossRef] [PubMed]
19. Grimwade, D.; Freeman, S.D. Defining minimal residual disease in acute myeloid leukemia: Which platforms
are ready for “prime time”? Hematology 2014, 2014, 222–233. [CrossRef] [PubMed]
20. Buckley, S.A.; Wood, B.L.; Othus, M.; Hourigan, C.S.; Ustun, C.; Linden, M.A.; Defor, T.E.; Malagola, M.;
Anthias, C.; Valkova, V.; et al. Minimal residual disease prior to allogeneic hematopoietic cell transplantation
in acute myeloid leukemia: A meta-analysis. Haematologica 2017, 102, 865–873. [CrossRef] [PubMed]
21. Hourigan, C.S.; Gale, R.P.; Gormley, N.J.; Ossenkoppele, G.J.; Walter, R.B. Measurable residual disease testing
in acute myeloid leukaemia. Leukemia 2017, 31, 1482–1490. [CrossRef] [PubMed]
22. Jaso, J.M.; Wang, S.A.; Jorgensen, J.L.; Lin, P. Multi-color flow cytometric immunophenotyping for detection
of minimal residual disease in AML: Past, present and future. Bone Marrow Transplant. 2014, 49, 1129–1138.
[CrossRef] [PubMed]
23. Ommen, H.B. Monitoring minimal residual disease in acute myeloid leukaemia: A review of the current
evolving strategies. Ther. Adv. Hematol. 2016, 7, 3–16. [CrossRef] [PubMed]
24. Ossenkoppele, G.; Schuurhuis, G.J. MRD in AML: Does it already guide therapy decision-making?
Hematol. Am. Soc. Hematol. Educ. Progr. 2016, 2016, 356–365. [CrossRef] [PubMed]
25. Freeman, S. (University of Birmingham, Birmingham, UK). Personal communication, 2018.
26. Bardet, V.; Wagner-Ballon, O.; Guy, J.; Morvan, C.; Debord, C.; Trimoreau, F.; Benayoun, E.; Chapuis, N.;
Freynet, N.; Rossi, C.; et al. Multicentric study underlining the interest of adding CD5, CD7 and
CD56 expression assessment to the flow cytometric Ogata score in myelodysplastic syndromes and
myelodysplastic/myeloproliferative neoplasms. Haematologica 2015, 100, 472–478. [CrossRef] [PubMed]
27. Kern, W.; Haferlach, C.; Schnittger, S.; Haferlach, T. Clinical utility of multiparameter flow cytometry in
the diagnosis of 1013 patients with suspected myelodysplastic syndrome. Cancer 2010, 116, 4549–4563.
[CrossRef] [PubMed]
28. Porwit, A.; Van De Loosdrecht, A.A.; Bettelheim, P.; Eidenschink Brodersen, L.; Burbury, K.; Cremers, E.;
Della Porta, M.G.; Ireland, R.; Johansson, U.; Matarraz, S.; et al. Revisiting guidelines for integration
of flow cytometry results in the WHO classification of myelodysplastic syndromes—Proposal from the
International/European LeukemiaNet Working Group for Flow Cytometry in MDS. Leukemia 2014, 28,
1793–1798. [CrossRef] [PubMed]
29. Valent, P.; Orazi, A.; Steensma, D.P.; Ebert, B.L.; Haase, D.; Malcovati, L.; van de Loosdrecht, A.A.;
Haferlach, T.; Westers, T.M.; Wells, D.A.; et al. Proposed minimal diagnostic criteria for myelodysplastic
syndromes (MDS) and potential pre-MDS conditions. Oncotarget 2017, 8, 73483–73500. [CrossRef] [PubMed]
Cancers 2018, 10, 215 12 of 15
30. Westers, T.M.; Alhan, C.; Chamuleau, M.E.D.; Van Der Vorst, M.J.D.L.; Eeltink, C.; Ossenkoppele, G.J.;
Van De Loosdrecht, A.A. Aberrant immunophenotype of blasts in myelodysplastic syndromes is a clinically
relevant biomarker in predicting response to growth factor treatment. Blood 2010, 115, 1779–1784. [CrossRef]
[PubMed]
31. Van De Loosdrecht, A.A.; Westers, T.M.; Westra, A.H.; Dräger, A.M.; Van Der Velden, V.H.J.;
Ossenkoppele, G.J. Identification of distinct prognostic subgroups in low- and intermediate-1-risk
myelodysplastic syndromes by flow cytometry. Blood 2008, 111, 1067–1077. [CrossRef] [PubMed]
32. Buccisano, F.; Maurillo, L.; Gattei, V.; Del Poeta, G.; Del Principe, M.I.; Cox, M.C.; Panetta, P.; Consalvo, M.I.;
Mazzone, C.; Neri, B.; et al. The kinetics of reduction of minimal residual disease impacts on duration of
response and survival of patients with acute myeloid leukemia. Leukemia 2006, 20, 1783–1789. [CrossRef]
[PubMed]
33. Terwijn, M.; van Putten, W.L.J.; Kelder, A.; van der Velden, V.H.J.; Brooimans, R.A.; Pabst, T.; Maertens, J.;
Boeckx, N.; de Greef, G.E.; Valk, P.J.M.; et al. High prognostic impact of flow cytometric minimal residual
disease detection in acute myeloid leukemia: Data from the HOVON/SAKK AML 42A study. J. Clin. Oncol.
2013, 31, 3889–3897. [CrossRef] [PubMed]
34. Freeman, S.D.; Hills, R.K.; Virgo, P.; Khan, N.; Couzens, S.; Dillon, R.; Gilkes, A.; Upton, L.; Nielsen, O.J.;
Cavenagh, J.D.; et al. Measurable residual disease at induction redefines partial response in acute myeloid
leukemia and stratifies outcomes in patients at standard risk without NPM1 mutations. J. Clin. Oncol. 2018.
[CrossRef] [PubMed]
35. Van Spronsen, M.F.; Witte, B.I.; Ossenkoppele, G.J.; Westers, T.M.; van de Loosdrecht, A.A. Response to letter
commenting on: Prognostic relevance of morphological classification models for myelodysplastic syndromes
in an era of the revised International Prognostic Scoring System. Eur. J. Cancer 2017, 72, 269–271. [CrossRef]
[PubMed]
36. Van Solinge, T.S.; Zeijlemaker, W.; Ossenkoppele, G.J.; Cloos, J.; Schuurhuis, G.J. The interference of genetic
associations in establishing the prognostic value of the immunophenotype in acute myeloid leukemia.
Cytom. Part B Clin. Cytom. 2018, 94, 151–158. [CrossRef] [PubMed]
37. Buccisano, F.; Piciocchi, L.M.A.; Del Principe, M.I.; Sarlo, C.; Cefalo, M.; Ditto, C.; Di Veroli, A.; De Santis, G.;
Irno Consalvo, M.; Fraboni, D.; et al. Minimal residual disease negativity in elderly patients with acute
myeloid leukemia may indicate different postremission strategies than in younger patients. Ann. Hematol.
2015, 94, 1319–1326. [CrossRef] [PubMed]
38. Oran, B.; de Lima, M. Prevention and treatment of acute myeloid leukemia relapse after allogeneic stem cell
transplantation. Curr. Opin. Hematol. 2011, 18, 388–394. [CrossRef] [PubMed]
39. Fenaux, P.; Mufti, G.J.; Hellstrom-Lindberg, E.; Santini, V.; Finelli, C.; Giagounidis, A.; Schoch, R.;
Gattermann, N.; Sanz, G.; List, A.; et al. Efficacy of azacitidine compared with that of conventional care
regimens in the treatment of higher-risk myelodysplastic syndromes: A randomised, open-label, phase III
study. Lancet Oncol. 2009, 10, 223–232. [CrossRef]
40. Craddock, C.; Quek, L.; Goardon, N.; Freeman, S.; Siddique, S.; Raghavan, M.; Aztberger, A.; Schuh, A.;
Grimwade, D.; Ivey, A.; et al. Azacitidine fails to eradicate leukemic stem/progenitor cell populations
in patients with acute myeloid leukemia and myelodysplasia. Leukemia 2013, 27, 1028–1036. [CrossRef]
[PubMed]
41. Döhner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Dombret, H.; Ebert, B.L.;
Fenaux, P.; Larson, R.A.; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations
from an international expert panel. Blood 2017, 129, 424–447. [CrossRef] [PubMed]
42. Schuurhuis, G.J.; Heuser, M.; Freeman, S.; Béné, M.-C.; Buccisano, F.; Cloos, J.; Grimwade, D.; Haferlach, T.;
Hills, R.K.; Hourigan, C.S.; et al. Minimal/measurable residual disease in AML: Consensus document from
ELN MRD Working Party. Blood 2018. [CrossRef] [PubMed]
43. Grimwade, D.; Hills, R.K.; Moorman, A.V.; Walker, H.; Chatters, S.; Goldstone, A.H.; Wheatley, K.;
Harrison, C.J.; Burnett, A.K. National Cancer Research Institute Adult Leukaemia Working Group.
Refinement of cytogenetic classification in acute myeloid leukemia: Determination of prognostic significance
of rare recurring chromosomal abnormalities among 5876 younger adult patients treated in the United
Kingdom Medical Research Council trials. Blood 2010, 116, 354–365. [CrossRef] [PubMed]
Cancers 2018, 10, 215 13 of 15
44. DiNardo, C.D.; Pratz, K.W.; Letai, A.; Jonas, B.A.; Wei, A.H.; Thirman, M.; Arellano, M.; Frattini, M.G.;
Kantarjian, H.; Popovic, R.; et al. Safety and preliminary efficacy of venetoclax with decitabine or azacitidine
in elderly patients with previously untreated acute myeloid leukaemia: A non-randomised, open-label,
phase 1b study. Lancet Oncol. 2018, 19, 216–228. [CrossRef]
45. Gabert, J.; Beillard, E.; van der Velden, V.H.J.; Bi, W.; Grimwade, D.; Pallisgaard, N.; Barbany, G.;
Cazzaniga, G.; Cayuela, J.M.; Cavé, H.; et al. Standardization and quality control studies of ‘real-time’
quantitative reverse transcriptase polymerase chain reaction of fusion gene transcripts for residual disease
detection in leukemia—A Europe against cancer program. Leukemia 2003, 17, 2318–2357. [CrossRef]
[PubMed]
46. Gorello, P.; Cazzaniga, G.; Alberti, F.; Dell’Oro, M.G.; Gottardi, E.; Specchia, G.; Roti, G.; Rosati, R.;
Martelli, M.F.; Diverio, D.; et al. Quantitative assessment of minimal residual disease in acute myeloid
leukemia carrying nucleophosmin (NPM1) gene mutations. Leukemia 2006, 20, 1103–1108. [CrossRef]
[PubMed]
47. Hills, R.K.; Centre for Trials Research Cardiff University, Cardiff, UK. Personal communication, 2018.
48. Genovese, G.; Kähler, A.K.; Handsaker, R.E.; Lindberg, J.; Rose, S.A.; Bakhoum, S.F.; Chambert, K.; Mick, E.;
Neale, B.M.; Fromer, M.; et al. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA
sequence. N. Engl. J. Med. 2014, 371, 2477–2487. [CrossRef] [PubMed]
49. Ivey, A.; Hills, R.K.; Simpson, M.A.; Jovanovic, J.V.; Gilkes, A.; Grech, A.; Patel, Y.; Bhudia, N.; Farah, H.;
Mason, J.; et al. Assessment of minimal residual disease in standard-risk AML. N. Engl. J. Med. 2016, 374,
422–433. [CrossRef] [PubMed]
50. Schnittger, S.; Kern, W.; Tschulik, C.; Weiss, T.; Dicker, F.; Falini, B.; Haferlach, C.; Haferlach, T. Minimal
residual disease levels assessed by NPM1 mutation-specific RQ-PCR provide important prognostic
information in AML. Blood 2009, 114, 2220–2231. [CrossRef] [PubMed]
51. Balsat, M.; Renneville, A.; Thomas, X.; De Botton, S.; Caillot, D.; Marceau, A.; Lemasle, E.; Marolleau, J.P.;
Nibourel, O.; Berthon, C.; et al. Postinduction minimal residual disease predicts outcome and benefit from
allogeneic stem cell transplantation in acute myeloid leukemia with NPM1 mutation: A study by the acute
leukemia French association group. J. Clin. Oncol. 2017, 35, 185–193. [CrossRef] [PubMed]
52. Kapp-Schwoerer, S.; Corbacioglu, A.; Gaidzik, V.I.; Paschka, P.; Weber, D.; Kroenke, J.; Teleanu, M.V.;
Göhring, G.; Schlegelberger, B.; Luebbert, M.; et al. Clinical relevance of minimal residual disease monitoring
in NPM1 mutated AML: A study of the AML Study Group (AMLSG). Blood 2017, 130, 183.
53. Schlenk, R.F.; Dohner, K.; Kneba, M.; Gotze, K.; Hartmann, F.; del Valle, F.; Kirchen, H.; Koller, E.; Fischer, J.T.;
Bullinger, L.; et al. Gene mutations and response to treatment with all-trans retinoic acid in elderly patients
with acute myeloid leukemia. Results from the AMLSG Trial AML HD98B. Haematologica 2009, 94, 54–60.
[CrossRef] [PubMed]
54. Pratcorona, M.; Brunet, S.; Nomdedeu, J.; Ribera, J.M.; Tormo, M.; Duarte, R.; Escoda, L.; Guardia, R.; Queipo
de Llano, M.P.; Salamero, O.; et al. Favorable outcome of patients with acute myeloid leukemia harboring
a low-allelic burden FLT3-ITD mutation and concomitant NPM1 mutation: Relevance to post-remission
therapy. Blood 2013, 121, 2734–2738. [CrossRef] [PubMed]
55. Ostronoff, F.; Othus, M.; Lazenby, M.; Estey, E.; Appelbaum, F.R.; Evans, A.; Godwin, J.; Gilkes, A.;
Kopecky, K.J.; Burnett, A.; et al. Prognostic significance of NPM1 mutations in the absence of FLT3—Internal
tandem duplication in older patients with acute myeloid leukemia: A SWOG and UK National Cancer
Research Institute/Medical Research Council report. J. Clin. Oncol. 2015, 33, 1157–1164. [CrossRef] [PubMed]
56. Eisfeld, A.-K.; Mrózek, K.; Kohlschmidt, J.; Nicolet, D.; Orwick, S.; Walker, C.J.; Kroll, K.W.; Blachly, J.S.;
Carroll, A.J.; Kolitz, J.E.; et al. The mutational oncoprint of recurrent cytogenetic abnormalities in adult
patients with de novo acute myeloid leukemia. Leukemia 2017, 31, 2211–2218. [CrossRef] [PubMed]
57. Krönke, J.; Bullinger, L.; Teleanu, V.; Tsch, F.; Gaidzik, V.I.; Michael, W.M.K.; Frank, G.R.; Sp, D.; Kindler, T.;
Schittenhelm, M.; et al. Clonal evolution in relapsed NPM1-mutated acute myeloid leukemia. Blood 2013,
122, 100–108. [CrossRef] [PubMed]
58. Dillon, R.; Raj, K.; Guy’s Hospital, London, UK. Personal communication, 2018.
59. Prébet, T.; Boissel, N.; Reutenauer, S.; Thomas, X.; Delaunay, J.; Cahn, J.-Y.; Pigneux, A.; Quesnel, B.; Witz, F.;
Thépot, S.; et al. Acute myeloid leukemia with translocation (8;21) or inversion (16) in elderly patients treated
with conventional chemotherapy: A collaborative study of the french CBF-AML intergroup. J. Clin. Oncol.
2009, 27, 4747–4753. [CrossRef] [PubMed]
Cancers 2018, 10, 215 14 of 15
60. Jourdan, E.; Boissel, N.; Chevret, S.; Delabesse, E.; Renneville, A.; Cornillet, P.; Blanchet, O.; Cayuela, J.-M.;
Recher, C.; Raffoux, E.; et al. Prospective evaluation of gene mutations and minimal residual disease in
patients with core binding factor acute myeloid leukemia. Blood 2013, 121, 2213–2223. [CrossRef] [PubMed]
61. Yin, J.A.L.; O’Brien, M.A.; Hills, R.K.; Daly, S.B.; Wheatley, K.; Burnett, A.K. Minimal residual disease
monitoring by quantitative RT-PCR in core binding factor AML allows risk stratification and predicts relapse:
Results of the United Kingdom MRC AML-15 trial. Blood 2012, 120, 2826–2835. [CrossRef] [PubMed]
62. Takahashi, K.; Kantarjian, H.M.; Ghanem, H.; Ravandi, F.; Cortes, J.E.; Kadia, T.M.; O’Brien, S.; Pierce, S.A.;
Jain, N.; Garcia-Manero, G.; et al. Outcome of elderly patients with Acute Myeloid Leukemia (AML) post
Hypomethylating Agent (HMA) failure. Blood 2012, 120, 2627.
63. Prébet, T.; Boissel, N.; Reutenauer, S.; Thomas, X.; Delaunay, J.; Cahn, J.Y.; Pigneux, A.; Quesnel, B.; Witz, F.;
Thépot, S.; et al. High Relapse Rate of Acute Myeloid Leukemia with Translocation (8;21) or Inversion (16) in
Elderly Patients Treated with Conventional Chemotherapy. Blood 2007, 110, 4365.
64. Ragon, B.K.; Daver, N.; Garcia-Manero, G.; Ravandi, F.; Cortes, J.; Kadia, T.; Oran, B.; Ohanian, M.;
Ferrajoli, A.; Pemmaraju, N.; et al. Minimal residual disease eradication with epigenetic therapy in core
binding factor acute myeloid leukemia. Am. J. Hematol. 2017, 92, 845–850. [CrossRef] [PubMed]
65. Steensma, D.P.; Bejar, R.; Jaiswal, S.; Lindsley, R.C.; Sekeres, M.A.; Hasserjian, R.P.; Ebert, B.L. Clonal
hematopoiesis of indeterminate potential and its distinction from myelodysplastic syndromes. Blood 2015,
126, 9–16. [CrossRef] [PubMed]
66. Xie, M.; Lu, C.; Wang, J.; McLellan, M.D.; Johnson, K.J.; Wendl, M.C.; McMichael, J.F.; Schmidt, H.K.;
Yellapantula, V.; Miller, C.A.; et al. Age-related mutations associated with clonal hematopoietic expansion
and malignancies. Nat. Med. 2014, 20, 1472–1478. [CrossRef] [PubMed]
67. McKerrell, T.; Park, N.; Moreno, T.; Grove, C.S.; Ponstingl, H.; Stephens, J.; Crawley, C.; Craig, J.; Scott, M.A.;
Hodkinson, C.; et al. Leukemia-associated somatic mutations drive distinct patterns of age-related clonal
hemopoiesis. Cell Rep. 2015, 10, 1239–1245. [CrossRef] [PubMed]
68. Buscarlet, M.; Provost, S.; Zada, Y.F.; Barhdadi, A.; Bourgoin, V.; Lépine, G.; Mollica, L.; Szuber, N.;
Dubé, M.-P.; Busque, L. DNMT3AandTET2dominate clonal hematopoiesis and demonstrate benign
phenotypes and different genetic predispositions. Blood 2017, 130, 753–762. [CrossRef] [PubMed]
69. Hindson, C.M.; Chevillet, J.R.; Briggs, H.A.; Gallichotte, E.N.; Ruf, I.K.; Hindson, B.J.; Vessella, R.L.; Tewari, M.
Absolute quantification by droplet digital PCR versus analog real-time PCR. Nat. Methods 2013, 10, 1003–1005.
[CrossRef] [PubMed]
70. Parkin, B.; Londoño-Joshi, A.; Kang, Q.; Tewari, M.; Rhim, A.D.; Malek, S.N. Ultrasensitive mutation
detection identifies rare residual cells causing acute myelogenous leukemia relapse. J. Clin. Investig. 2017,
127, 3484–3495. [CrossRef] [PubMed]
71. Klco, J.M.; Miller, C.A.; Griffith, M.; Petti, A.; Spencer, D.H.; Ketkar-Kulkarni, S.; Wartman, L.D.;
Christopher, M.; Lamprecht, T.L.; Helton, N.M.; et al. Association between mutation clearance after induction
therapy and outcomes in acute myeloid leukemia. Jama 2015, 314, 811. [CrossRef] [PubMed]
72. Jongen-Lavrencic, M.; Grob, T.; Hanekamp, D.; Kavelaars, F.G.; Al Hinai, A.; Zeilemaker, A.; Erpelinck-Verschueren, C.A.J.;
Gradowska, P.L.; Meijer, R.; Cloos, J.; et al. Molecular minimal residual disease in acute myeloid leukemia.
N. Engl. J. Med. 2018, 378, 1189–1199. [CrossRef] [PubMed]
73. Young, A.L.; Wong, T.N.; Hughes, A.E.O.; Heath, S.E.; Ley, T.J.; Link, D.C.; Druley, T.E. Quantifying ultra-rare
pre-leukemic clones via targeted error-corrected sequencing. Leukemia 2015, 29, 1608–1611. [CrossRef]
[PubMed]
74. Hirsch, P.; Tang, R.; Abermil, N.; Flandrin, P.; Moatti, H.; Favale, F.; Suner, L.; Lorre, F.; Marzac, C.; Fava, F.;
et al. Precision and prognostic value of clone-specific minimal residual disease in acute myeloid leukemia.
Haematologica 2017, 102, 1227–1237. [CrossRef] [PubMed]
75. Uy, G.L.; Duncavage, E.J.; Chang, G.S.; Jacoby, M.A.; Miller, C.A.; Shao, J.; Heath, S.; Elliott, K.; Reineck, T.;
Fulton, R.S.; et al. Dynamic changes in the clonal structure of MDS and AML in response to epigenetic
therapy. Leukemia 2017, 31, 872–881. [CrossRef] [PubMed]
76. Merlevede, J.; Droin, N.; Qin, T.; Meldi, K.; Yoshida, K.; Morabito, M.; Chautard, E.; Auboeuf, D.; Fenaux, P.;
Braun, T.; et al. Mutation allele burden remains unchanged in chronic myelomonocytic leukaemia responding
to hypomethylating agents. Nat. Commun. 2016, 7, 10767. [CrossRef] [PubMed]
Cancers 2018, 10, 215 15 of 15
77. Buccisano, F.; Maurillo, L.; Del Principe, M.I.; Del Poeta, G.; Sconocchia, G.; Lo-Coco, F.; Arcese, W.;
Amadori, S.; Venditti, A. Prognostic and therapeutic implications of minimal residual disease detection in
acute myeloid leukemia. Blood 2012, 119, 332–341. [CrossRef] [PubMed]
78. Bachas, C.; Schuurhuis, G.J.; Assaraf, Y.G.; Kwidama, Z.J.; Kelder, A.; Wouters, F.; Snel, A.N.; Kaspers, G.J.L.;
Cloos, J. The role of minor subpopulations within the leukemic blast compartment of AML patients at initial
diagnosis in the development of relapse. Leukemia 2012, 26, 1313–1320. [CrossRef] [PubMed]
79. Morita, K.; Kantarjian, H.M.; Wang, F.; Yan, Y.; Bueso-Ramos, C.; Sasaki, K.; Issa, G.C.; Wang, S.; Jorgensen, J.;
Song, X.; et al. Clearance of somatic mutations at remission and the risk of relapse in acute myeloid leukemia.
J. Clin. Oncol. 2018, 36, 1788–1797. [CrossRef] [PubMed]
80. Sorror, M.L.; Estey, E. Allogeneic hematopoietic cell transplantation for acute myeloid leukemia in older
adults. ASH Educ. Progr. B 2014, 2014, 21–33. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
